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Mass exchange, mixing or  t ranspor t  i n  t h e  atmosphere involves r e v e r s i b l e  
processes,  i.e. any kind of organized motions such as  wave and large-scale 
flows,. and nonreversible processes, i.e. molecular and turbulent  d i f fus ion.  
Without evaluat ing i n  d e t a i l  t he  r e l a t i v e  e f f i c i ency  of these processes, it 
s h a l l  be attempted here  to  summarize those phenomena which can be q u a l i t a t i v e l y  
(and eventually a l so  quan t i t a t ive ly )  observed with VHF radars.  We w i l l  only 
consider mixing i n  the  v e r t i c a l  d i r ec t ion ,  s ince  t h i s  appears t o  be the  es- 
s e n t i a l  par t  of t ranspor t  processes t o  which VHF r ada r s  can contr ibute  b e t t e r  
understanding. We w i l l  f i r s t  b r i e f l y  d iscuss  mixing processes i n  the  tropo- 
- 
sphere and t h e r e a f t e r  a l so  o u t l i n e  poss ib le  contr ibut ions  of WiF rada r s  t o  
study the  masf exchange proces6eS between the troposphere and s t ra tosphere .  
Transport i n  the  middle atmosphere w i l l  be b r i e f l y  summarized, since i t  is  i n  
p r i n c i p l e  s imi la r  to  t ranspor t  i n  the  lower atmosphere. 
The troposphere i s  the  por t ion  of the  neu t ra l  atmosphere which i s  more 
l i k e l y  t o  be convectively unstable  than other  a l t i t u d e  regions. Essen t i a l ly ,  
t he  v e r t i c a l  t ranspor t  i n  the  troposphere i s  due t o  the  convection processes, 
namely, thundtrclouds, As shown i n  Figure l a  (from WALLACE and HOBBS, 19771, 
up- and downdrdts  t ranspor t  subs tan t i a l ly  and very e f f i c i e n t l y  a i r  masses be- 
tween the bottom and top of the  troposphere. I n  Figure l b  (from ROTTGER, 1980) 
observations ,with a W I  radar  during the  passage of a thundercloud a r e  shown. 
These depic t  the turbulent ve loc i ty  a the echo power P (consis tent  with the ' 
r ada r  r e f l e c t i v i t y ) ,  and the mean ve rp ica l  ve loc i ty  W. The r i s e  of the  upper 
l i m i t  of the  power l eve l  from about 7 km t o  10 km a l t i t u d e  ind ica te s  the  r i s e  of 
the  cloud top up t o  the tropopause. Me n u ward v e l o c i t i e s  were almost 10 m 6-1 
-1 
and f luctuat i i ig  v e l o c i t i e s  several  m s . The q u a l i t a t i v e  s i m i l a r i t y  betweea 
Figure l a  and Figure l b  unveils  the c a p a b i l i t i e s  of WF radars  t o  inves t iga te  
the  dynamics of these convective processes and i t  i s  proposed t h a t  more work 
should be done fo r  deducing q u a l i t a t i v e  r e s u l t s  on entrainment and detrainment 
of a i r  masses i n  and around the  thunderclouds a s  wel l  a s  on v e r t i c a l  exchange 
of a i r  masses, 
The v e r t i c a l  t ranspor t  due t o  convection i s  very pronounced i n  the t ropic-  
a l  regions,  which e s s e n t i a l l y  dr ives  the  mean global c i r cu la t ion .  A s  shown i n  
Figures 2a and 2b (from BEITER, 19751, the ( v e r t i c a l )  flow pa t t e rn  changes mn- 
s i s t e n t l y  with la-t i tude and season. Since VHF rada r s  exh ib i t  a unique capa- 
b i l i t y  t o  measure v e r t i c a l  v e l o c i t i e s ,  a continuous opera t ion of a chain of VIlF 
radars  along a meridian would be  a s u i t a b l e  contr ibut ion t o  monitor the  mean 
v e r t i c a l  t ranspor t .  
Anather process,  gaining v e r t i c a l  mixing, i s  a c t i v e  turbulence generated 
by shear i n s t a b i l i t y .  Pronounced regions  of t h i s  c l ea r -a i r  turbulence a r e  
associa ted  with ve loc i ty  shears i n  j e t  streams. An example of t h i s  kind of 
- turbulence i s  shown i n  Figure 3, depic t ing the  v e r t i c a l  ve loc i ty  f luc tua t ions  
; measured with a VHF radar  (from ROTTGER and SCHMIDT, 1981). The intense v e r t i -  
I 
c a l  ve loc i ty  f luc tua t ions  (betwem 00 UTC and 09 UTC i n  the height region 8-12 
! km) occurred i n  connection with a j e t  stream associa ted  with a warm f r o n t  pas- 
, *presently a t  Arecibo Observatory. Arecibo, Puerto Rico, on leave from 
14ax-Planck-l1~sti t 111 f u r  Aeronomie , Lindau, IJ. Germany 
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Figure la .  Schematic descr ip t ion of a cumulonimbus tower (from WALLACE 
HOBBS, 1977). 
2 JUNE 1978 
and 
Figure lb. Contour p l o t s  of v e r t i c a l  velor i  t y  M, power Y and ve loc i ty  f luc tua-  
t i o n s  %observed during the  overhead pa sage of a thundercloud. The contour 
l e v e l s  of W a r e  drawn i n  s t eps  of 1 m ;I. the gray shad d areas  a r e  upward 
v e l o c i t i e s .  The contour s t e p s  of P and 4 dB, and 2 m C' fo r  a W  (from 
ROTTGEP,, 1980). 
Figure 2a. 
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- Figure 2b. Mean meridional c irculat ion (from REITER, 1975 1. 
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Figure 3. T h e  se r i e s  of v e r t i c a l  veloci ty  (W) f luc tua t ions  
during lo-min periods, following each f u l l  hour. One un i t  
of the z-axi i s  Az = 150 m, and a l so  corresponds t o  
w = 0.4 m (from ROTTGER and SCBHTM, 1981 1. 
sage. This i s  explained by the s e r i e s  of Figures 4a-4d (from LARSEN and 
ROTTGER, 1982). The mechanism of Kelvin-Helmholtz i n s t a b i l i t y  generating the  
c lear-a i r  turbulence was in tensively  invest igated with VHF radars  (e.g., RUSTER 
and KLOSTERMEYER, 1983). I t  i s  e n v i ~ g e d  t h a t  fu r the r  e f f o r t s  w i l l  take place 
such a s  the continuous monitoring of v e r t i c a l  veloci ty  f luc tua t ions  with VHF 
radars  t o  g e t  an improved s t a t i s t i c a l  climatology of c lear-a i r  turbulence, i t s  
connection t o  synoptic-scale disturbances,  and the associa ted v e r t i c a l  trans- 
por t  (see  example of Figure 5 (from ECKLUND and GAGE, 1981)). 
Convergences and divergences i n  synoptic-scale disturbances r e s u l t  i n  
changes of the flow pa t t e rn  a l s o  i n  the v e r t i c a l  d i rect ion.  This apparently 
occurs around the  j e t  stream and was measured with VBF radars  (e.g., GAGE e t  
al . ,  1980), and a l s o  on l a rge r  scales  due t o  nonhorizontal flow of warm and cold 
a i r  i n  the  f r o n t a l  systems, occurring i n  connection with synoptic-scale dis-  
turbances. This i s  shown i n  Figure 4b where the v e r t i c a l  veloci ty  changes i t s  
d i r e c t i o n  before and a f t e r  the passage of the f ront .  I n  f u r t h e r  VHF radar  ob- 
servat ions  one evidently has t o  evaluate  more d i s t i n c t l y  t h i s  kind of synoptic- 
sca le  v e r t i c a l  veloci ty  and i t s  impact on large-scale v e r t i c a l  transport .  A 
very promising attempt has already been made by NASTROM (1984). 
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Figure 4. ( a )  Ref l ec t iv i ty  contour plot .  Difference between contour l i n e s  i s  
2 dB. I n t e n s i t y  of shading corresponds t o  i n t e n s i t y  of echoes. (b) Contour 
p l o t  of v e r t i c a l  ve loc i t i e s .  Shading ind ica te s  downward ve loc i ty .  The in- 
t e r v a l  between contours i s  7.5 cm/s. ( c )  Contour p l o t  of wind speed with a 
contour i n t e r v a l  of 2.5 m/s. Shading ind ica te s  speeds g rea te r  than 20 m/e. 
The heavy s t ipp led  a r m s  correspond t o  missing wind data  due t o  under- 
sampling. (d l  Thermal s t r u c t u r e  and wind near f r o n t s  adapted from PALPIISN and 
NEWTON (1969). The heavy l ine-labeled TP corresponds t o  the  tropopause. The 
dashed l i n e s  a r e  the isotherms, and the  s o l i d  l i n e s  a r e  the  isotachs.  The 
j e t  i s  located  on the warm s i d e  of the  f r o n t  ju s t  below the  tropopause 
(from LARSEN and ROTTGER, 1982). 
W r  Flat, Alaska 
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Figure 5. Twenty-one-day record of hourly averaged v e r t i c a l  
v e l o c i t i e s  (from ECKLUNI) and GAGE, 1981). 
The preceding examples were y e t  only discussed i n  terms of t ranspor t  i n  
the  troposphere. As demonstrated by the VfIF radar  observations presented i n  
Figure 6, ' the troposphere i s  more turbulent ( l a rge r  f luc tua t ions  of v e r t i c a l  
ve loc i ty  W i n  the  troposphere below r.10 lcm) and wave s t ructures  occur i n  the 
more s t a b l e  stratosphere.  These a r e  obviously two regions of d i f f e r e n t  s t ab i l -  
- i t y ,  separated by the  boundary of the tropopause. The exchange of a i r  masses 
between the  troposphere and the  s t ra tosphere  i s  f a i r l y  important since it means 
- - -  - .  
-- - - 
t ranspor t  through a region of strongly increasing s t a b i l i t y ,  namely, the tropo- 
pause. There are  bas ical ly  the  following processes responsible fo r  the mass 
t r a n s f e r  betwear the s t ra tosphere  and troposphere (REITER, 1975): 
(1) t h e  seasonal adjustment i n  the height of the mean tropopause l e v e l ,  
(2) organized large-scale horizontal  and v e r t i c a l  motions expressed by 
the  mean meridional c i r cu la t ion ,  
(32 large-scale eddy t ranspor t ,  mainly i n  j e t  stream regions,  and 
(4) mesoscale and small-scale eddy t ranspor t  across  the tropopause . 
A l l  of these processes can be understood by studying the preceding f igures .  
REITER (1975) estimated t h a t  about 40% .of the v e r t i c a l  t ranspor t  i s  due t o  the 
Hadley c e l l  c i r c u l a t i o n  i n  the  t ropics ,  although v e r t i c a l  v e l o c i t i e s  i n  mid- 
and higher l a t i t u d e s  a re  a l s o  nornegl ig ible  (e.g., Figure 8) .  One has a l s o  t o  
consider t h a t  overshooting cumulonimbus towers (penetra t ive  convection) trans- 
por t  tropospheric a i r  i n t o  the  stratosphere.  Approximately 20% of mass ex- 
change i s  caused by large-scale eddies of synoptic-scale disturbances and as- 
socia ted tropopause breaks (compare Figure 7 with the VHF radar  observations 
presented i n  Figures 41, which can representa t ively  be detected with VHF radars.  
About 10% of mass f l u x  i s  estimated t o  be due t o  the seasonal changes of the 
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F igure  6. Wind speed U and d i r e c t i o n  cr and v e r t i c a l  v e l o c i t y  W i n  the  tropo- 
sphere  and lower s t r a t o s p h e r e  measured wi th  a VHl? radar .  
F igure  7. V e r t i c a l  c ross-sec t ion  of a  tropopause break ( a f t e r  REITER, 1975 ) . 
The shaded zone corresponds t o  the  reg ion  where s t r a t o s p h e r i c  a i r  i n t ruded  
i n t o  t he  upper t roposphere.  
tropopause he igh t ,  which a l s o  can be  monitored continuously by VHF r a d a r s  (e.g.,  
F igure  8) .  Although REITER (1975) es t imated  t h a t  small-scale and mesoscale 
t u rbu l en t  d i f f u s i o n  con t r i bu t e s  only very i n s i g n i f i c a n t l y  t o  the  v e r t i c a l  
t r a n s p o r t ,  i n v e s t i g a t i o n s  of WOODMAN e t  a l .  (1981) r e s u l t e d  i n  a  d i f f e r e n t  con- 
c lus ion .  It i s  a l s o  worthwhile t o  study i f  and how much the  wave motions ob- 
s e rvab l e  with the  VHF r a d a r s  (e.g., F igure  6 and Figure  8b)  c o n t r i b u t e  t o  ver- 
t i c a l  t r anspo r t .  
GELLER (1979) has reviewed the  dynamics of t h e  middle atmosphere i nc lud ing  
a l l  s c a l e s  of motions from the  mean zonal  f low down t o  small-scale turbulence.  
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- Figure 8b. (a) Tropopause measured with radiosondes (@I and by means of VHF 
r ada r  r e f l e c t i v i t y .  which a l s o  ind ica t e s  downward-sloping f r o n t a l  zones i n  
--- - - . .  _ - -  t h e  tropopause (upper diagram). I n  the lower diagram (b )  the  corresponding 
mean upward (shaded) and downward ve loc i ty .  measured with the SOUSY-VHF- 
Radar, a r e  shown. 
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Figure 9. Mesospheric turbulence l aye r s  ( l e f t  diagram) and t h e i r  spect ra ,  
measured wi'th a VHF radar  a t  the Arecibo Observatory. 
There i s  s t rong evidence now t h a t  gravity-wave motions and turbulence give  r i s e  
t o  enhanced d i f fus ion  i n  t h e  middle atmosphere ( e s sen t i a l ly  i n  the mesosphere), 
and VHF radars  a re  very  s u i t a b l e  too l s  t o  study these phenomena. One obta ins  
s t a t i s t i c s  of occurrence (see Figure 9 )  as  wel l  as  turbulence in tens i ty  and ve- 
l o c i t y  f luc tua t ions  from the Doppler spect ra  (see fo r  instance ROTTGER e t  al., 
1979; HOCKING, 1983; and many other  papers referenced there in) .  
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